INTRODUCTION
The first draft of the human genome sequence was published in 2001 (1) . In total, there are now over 300 completed genomes (Fig. 1) . It is now possible to sequence a whole bacterium in a few days and the flood of new sequence data is likely to continue for the next decade. In addition, with the advent of the structural genomics initiatives, it is hoped that we will also witness a significant growth in the diversity of three-dimensional protein structures that are available, many of which are unknown functions. With this rapid increase in both structural and sequence data comes new challenges into the interpretation and integration of these data. After all, DNA is merely a string of letters from which we must determine the coding and non-coding and promoter and regulatory regions that control transcription and translation.
What is annotation and why is it needed?
Annotating the biological role of a molecule usually involves both experimental and in silico approaches. Genome annotation starts by defining the positions of all the genes along the sequence and by identifying their coding regions, regulatory sequences and promoters. From the gene sequence, the next task is the definition of the proteome-all the proteins that can be encoded by a particular genome. Although this is simple in principle, it is complicated by alternatively spliced transcript variants and processing of preprotein sequences, such as removal of propeptides. It has been estimated that there are 10 times as many different proteins as there are genes. Once the proteins (and RNAs) and their cellular localization have been defined, secondary annotation to provide identification of biochemical and biological function is needed. Currently, around half of all proteins defined in most genome projects have no assigned function (2) .
Protein families provide a powerful route to improved protein annotation. The three-dimensional structures of proteins provide detailed knowledge of residue locations and probable functional sites. Post-translational modifications are often important for function, and localization in the cell or organism is another important constraint. Function prediction for these gene products can be made through sequence analysis. This can be combined with analysis into when and where this gene product is produced (transcriptomics). In addition, the identification of relevant protein-protein interactions will provide further clues for functional characterization, as can knowledge of the pathways and networks in which they participate. Tools for comparative genomics, to map interactions and networks from one organism to another, will be critical. In addition, for humans, sequence variations among individuals are particularly important, especially in the context of disease and inherited disorders. A summary of the different categories of annotation can be seen in Box 1 of Figure 2 .
The process of annotation is highly complex and can be subdivided into a number of different categories (Fig. 2, Box 2) . Those from experimental observations and manually curated provide the most accurate information. This information can be transferred to homologous sequences and structures. Most annotations in the databases are derived using this approach. In addition, some features can be computationally predicted. Manual curation provides robust and reliable annotations; however, methods are slow and it is not possible to provide all annotations in this way. Methods for the transfer of annotations from one homologue to another rely on the quality of the annotation being transferred and on the quality of the method being used for the identification of homology. In addition, as the sequences or structures become more distantly related, the transfer of information becomes more risky. For all computationally predicted annotations, problems still remain with the accuracy and confidence of such annotations. Providing these annotations in conjunction with those experimentally observed annotations adds weight. Methods for annotation of nucleic acid and protein sequence and structure are divided among the scientific community with surprisingly little communication between groups.
Current status of genome annotation
Methods for the transfer of this data from experimentalist to the databases are slow to develop. Currently, the majority of such information is transferred from the literature to the databases via manual curators. In addition, many of the current computational tools are inadequate and need further development and careful validation against experimental data. The results from annotation efforts must be integrated in such a way that the information is clear and incisive in order to guide experimentalist's future work.
As structural and sequence data increases, it will be impossible to experimentally validate all the predictions of protein functions. Indeed, even now, probably ,1% of all known proteins have ever been experimentally characterized. Therefore, the need to improve computational approaches, by increasing the accuracy of functional inference from sequence and structure, is of paramount importance. The proteins encoded by most of the newly sequenced genomes have very limited annotations in UniProt Knowledgebase/Swiss-Prot (3) because Swiss-Prot depends on manual annotation to uphold its high standard of functional annotation. It is impossible for Swiss-Prot's curators to keep up with the current deluge of genomic sequence. Currently, those sequences which are released but are not annotated are stored in UniProtKB/ TrEMBL, the computer annotated supplement to Swiss-Prot in which annotations are inferred from Swiss-Prot to TrEMBL sequences by homology (4) . Similarly, as the number of three-dimensional structures solved through structural genomics initiatives increases, so does the need for automated methods to derive functional information from protein structures and to feed this information back into genome annotation. Transcriptome and proteome data are now routinely generated, and these data must also be integrated into genome annotation so that functional inferences can be made about gene products on a genomewide scale.
To date, European scientists have been very active in the field of genome and protein annotation, with Ensembl (5) and Swiss-Prot being the primary resources in use worldwide. Until recently, the flow of information from experimental studies to databanks has been via the literature by curator or direct input from experimentalists or in some cases from bioinformatics analysis (for protein sequence databases Swiss-Prot and TrEMBL and nucleic acid databases EMBL, GenBank and DDBJ). However, the increase in bioinformatics tools providing functional annotations (see Table 1 for selected examples) has led to the need for a joint effort to provide an infrastructure to view the results in a single place. Many of the tools used in genome and protein sequence and structure annotation, prediction and validation and pathway analysis have been developed in Europe, as well as many of the secondary resources derived from protein sequences and structures are also European (Table 1) . However, the groups that develop the methods to improve genome annotation are widely distributed throughout Europe and the best methods have not yet been incorporated into publicly available genome annotations. Furthermore, these methods are continually changing and improving, so keeping up to date becomes problematic. Annotation is not a one-pass activity but needs to be reiterated as knowledge increases in related areas. The fragmentation of currently available resources for genome annotation means that only a few bioinformatics experts know where to look for them. Consequently, most experimentalists cannot access all the best information about a genome. This problem will only worsen as annotation methods become more sophisticated and more bioinformatics laboratories are established to handle all the new data.
Over recent years, there has been a move towards the integration of annotations and methods for annotating by the formation of consortium-based projects. The National Human Genome Research Institute began a public research consortium in September 2003 to annotate all functional elements in the human genome, in order to create an Encyclopaedia of DNA Elements (ENCODE). This ENCODE project is currently in its pilot phase which is to annotate selected regions constituting 1% of the human genome. In 2004, the Europeanbased BioSapiens Network of Excellence was formed from 26 participating organizations from 14 countries. The aim of this consortium was to create a European Virtual Institute for Genome Annotation. This review outlines the goals of the BioSapiens Network of Excellence in providing an answer to the problems of integration and discusses the infrastructure for doing this. In addition, examples of advances made from each of the three categories of annotation (manual curation, computationally inferred and computationally predicted) within the BioSapiens Network of Excellence are discussed. The problems of ever-increasing data and functional information faced by manual annotators have been tackled by setting up the infrastructure for annotations by a third party (third party annotations). We have chosen to focus the final section of this review on the prediction of function from structure where there have been significant advances in methods for inferring and computationally predicting annotations.
BioSapiens NETWORK OF EXCELLENCE
The BioSapiens Network of Excellence coordinates and exploits the best developments in genome annotation in Europe and includes some of the best bioinformatics laboratories in the world, chosen for their complementary expertise to cover the current major challenges in genome annotation. The objective of the BioSapiens Network of Excellence is to provide an infrastructure to support a large scale, concerted effort to annotate genome data by laboratories distributed around Europe, using both informatics tools and input from experimentalists. This has been achieved technically through the implementation of distributed annotation systems (DAS) (6) .
DAS: an infrastructure to deliver annotations
The annotations generated by the institute are gradually being made available in the public domain and easily accessible through a single portal on the web (http://www.biosapiens. info/) through a DAS. In this system, a central reference server is initiated from which a number of annotation servers can display their data. The final format of the page shows all information from the uploaded annotation servers. This allows genome and protein annotations generated and stored in other institutes to be updated at source and made instantly visible through the EBI. Currently, the BioSapiens Network of Excellence has produced annotations at 19 partner sites providing 64 different distributed annotation sources. This comprises information for genomic sequences and protein sequences as well as for protein structures. Visualization of these data is provided by three DAS clients (software for viewing annotations presented in DAS server format): the Ensembl genome browser for both genomic and proteomic annotations, Dasty for protein sequence annotations and Spice for both protein sequence and structural annotations.
SOME RECENT ADVANCES IN ANNOTATION METHODS WITHIN THE BioSapiens NETWORK OF EXCELLENCE
Within the BioSapiens Network of Excellence, examples of advances in all three categories of annotation can be seen. The feasibility establishing protocols for the addition and update of manually curated annotations from experimental studies has been examined. There have also been advances in algorithms for the prediction and inference of annotations. In this review, we will concentrate on the work carried out in the structure-to-function work package within the BioSapiens Network of Excellence and the developments of methods within this domain.
Manual curation from experimental evidence: third party annotations
Within the BioSapiens Network of Excellence, a review was undertaken into the feasibility and progress of the integration of experimental data from a third party into new and pre-existing entries in major knowledgebases (third party annotations). The study was carried out by examining evidence from the existing TPA protocol implemented by the EMBL Nucleotide Sequence Database (7) in collaboration with GenBank (8) and DDBJ (9) . This system has been running for 4 years so far and has encountered a number of challenges and provided a number of solutions. First, with third party annotations comes a greater flow of information into the database. This has consequences for controlling both the quality of the input and also the uniformity within the descriptions of the different database fields. The EMBL Nucleotide Sequence Database has employed a process of accepting only peer reviewed, published information in order for the quality to remain high. In addition, annotations are carefully controlled by the direct submission protocol. Curators then have a manageable task communicating with the experimentalists in order for the annotation to be added to the database. The second challenge is to encourage experimentalists to spend time inputting their data into these sources. To address this, submission directly into the database for both primary and third party sources is encouraged via a number of major journal publishers with submission being a pre-requisite for publication. The protocol has been so successful that the DDBJ/EMBL/ GenBank collaboration has recently increased coverage by accepting data, which do not have experimental evidence and thus introducing an expansion in their data set of third party annotations (10) .
The UniProtKB/Swiss-Prot (11) team is proposing a similar protocol in order to widen the bottle-neck existing for the flow of data from experimentalist to database. There will be differences between the existing EMBL Nucleotide Sequence Database protocol and the proposed Swiss-Prot systems. This is due to the higher level of ambiguity involved in describing the features of a protein sequence. Direct experimental group submissions would typically be free text input leading to interaction between curator and experimentalist, ensuring the highest quality annotation will be achieved for the sequence. This is currently being explored with the yeast community as a test case in order to develop the scheme further. Other schemes are also proposed in order to exploit fully the knowledge available in the life-science community. The adopt-a-protein scheme would encourage individual scientists to be responsible for the annotations of one or more particular proteins. These experts would ensure that entries were up-to-date and of a uniform quality. In a similar vein, UniProt would like to extend the collaborative expert curation of protein families and also make use of a growing number of senior scientists who no longer run their own laboratories, to enhance both annotation quality and productivity. It only remains to be seen whether these methods will need further development once direct submissions, both primary and third party, increase in number.
NEW APPROACHES FOR DERIVING FUNCTIONAL ANNOTATIONS FROM STRUCTURE
Within the BioSapiens network, one of the major areas of development has been methods for the elucidation of function from structure. The inference of function at a structural level is more informative than at the sequence level. Structure Table 1 . A selection of tools and resources developed in Europe for genome and protein sequence and structure annotation
Resource Description
Post-translational modifications of proteins NetPhos (27) Produces neural network predictions for serine, threonine and tyrosine phosphorylation sites in eukaryotic proteins NetOGlyc (28) Produces neural network predictions for mucin type GalNAc O-glycosylation sites in mammalian glycoproteins NetNGlyc Predicts N-glycosylation sites in human proteins Protein sorting SignalP (29) Predicts the presence and location of signal peptide cleavage sites in amino acid sequences TargetP (30) Predicts the subcellular location of eukaryotic proteins Transmembrane predictions TMHMM Transmembrane helices in proteins Memsat (31) Predicts the secondary structure and topology of all-helix integral membrane proteins Protein-structure prediction and comparison SSAP (32) Structure comparison Threader (33) Fold recognition Procheck (34) Checks the steriochemical quality of a protein structure PSIpred (35) Protein-structure prediction server Domain annotations CATH (36) A database of protein domains ordered by class, architecture, topology and homology SCOP (37) Structural classification of proteins. A database of protein domains InterPro (38) A database of protein families, domains and functional sites Pfam (39) Multiple sequence alignments and hidden Markov models covering many common protein domains and families SMART (40) Simple modular architecture research tool Pfam (41) A large collection of multiple sequence alignments and hidden Markov models Prosite (42) A database of protein families and domains ProDom (43, 44) ProDom is a comprehensive set of protein domain families automatically generated from the Swiss-Prot and TrEMBL sequence databases Prints (45) PRINTS is a compendium of protein fingerprints Gene3D (46) Structural and functional annotation of protein families SUPERFAMILY (17) Structural superfamily assignments to protein sequences using hidden Markov models PANTHER (47) Protein analysis through evolutionary relationships Protein function ProFunc (14) The ProFunc server had been developed to help identify the likely biochemical function of a protein from its three-dimensional structure FunCut (13) Automatic annotation of protein function based on family identification Catalytic Site Atlas (22) A database documenting enzyme active sites and catalytic residues in enzymes of 3D structure ProtFun (48) Ab initio prediction of human orphan protein function from post-translational modifications and localization features provides us with information, for example, the threedimensional distances between functional residues and the shape and electrostatic properties of the surface (Fig. 3) . In addition, structures with .35% sequence identity generally share a similar structure (12) , allowing us to look deeper into their evolutionary relationships. Within this consortium, two automatic functional annotation pipelines have been developed, which use these structural properties.
Prediction of function from structure: automatic annotation pipelines
FunCut (13) is an automatic protein annotation system which assigns functional information to a query sequence on the basis of the study of its homologous sequences. The method applies a clustering algorithm to classify sequences into protein subfamilies. The functional descriptions of the sequences related to the query protein, information provided in the 'keyword' field of Swiss-Prot, the E.C. numbers and the Swiss-Prot description line, are filtered and weighted by the distance between subfamilies and transferred using a set of manually derived rules. The ProFunc server (14) is a fully automated prediction server for predicting the likely function of proteins whose 3D structure is known. A number of sequence and structurebased methods are run in order to identify functional motifs or close relationships to functionally characterized proteins. The methods currently incorporated in the server include standard sequence searches (BLAST) (15) , sequence motif scans (InterProScan and SUPERFAMILY) (16, 17) and gene neighbour analysis. In addition, wholly structure-based methods including fold matching (SSM) (18) , structural motifs (19) (DNA-binding HTH motifs and 'nests') (20, 21) and 3D residue templates (including enzyme active-site templates from the CSA) (22) are also used.
Prediction of function from structure: advances in binding site prediction
The recognition of small molecules (ligands, metals and cofactors) by proteins remains a key factor in cellular processes. A greater understanding into the extent to which the conformational space of a ligand is restricted upon binding to protein could advance the fields of docking, structure refinement and function prediction. With this in mind, an analysis of the conformational variability shown by three highly ubiquitous biological ligands, ATP, NAD and FAD, when bound to different proteins, has been carried out (23) . The results show that the ligands bind to proteins in a wide array of conformations including some energetically unfavourable orientations. The study provides quantitative assessment of previous observations that ligands tend to unfold when binding to proteins.
A major goal in the annotation of uncharacterized protein structures is the identification of location, shape and size of the ligand-binding site of that structure. The recently developed method SURFNET-ConSurf (24) identifies the location and shape of ligand-binding sites. It combines two known measures of 'functionality' in proteins: cleft volume and residue conservation. First, this two-step method uses the SURFNET program to identify clefts in the protein surface that are potential binding sites. These clefts are then trimmed by cutting away regions which are distant from highly conserved residues, using the ConSurf-HSSP database definitions. The largest remaining clefts are more likely to be those where ligands bind. The algorithm was tested by the analysis of a non-redundant set of 244 protein structures from the PDB and found that SURFNET-ConSurf identified a ligand-binding pocket in 75% of them.
Prediction of function from structure: protein -protein interactions
Another area of major importance in protein-structure annotation is understanding of how proteins interact with each other and the interfaces which exist in fully functional biological units. Previous software (PQS) (25) has been developed to distinguish between biological interactions and crystalpacking interactions. However, advances have been made in this field by the development of NOXclass (26) . Proteinprotein interfaces can be defined using different properties: interface area, ratio of interface area to protein surface area, amino-acid composition of the interface, correlation between the amino-acid compositions of interface and protein surface, interface shape complementarity and conservation of the interface. A two-stage SVM classifier was trained with these interface properties and produces a classifier for distinguishing three types of protein-protein interfaces: non-biological interactions and biological in the form of obligate and non-obligate interactions. In obligate interactions, at least one of the two binding partners takes its native structure only after binding, but in non-obligate interactions, both interaction partners are structurally stable by themselves. The method is available as a web service (http://noxclass. bioinf.mpi-inf.mpg.de/).
CONCLUSIONS
With the deluge in both new sequence and structure data comes the need to improve methods for the functional characterization of these data. The process of annotation is complex and can be done in a number of ways. First, manual annotation via curator who uses evidence directly from the experimentalist and from the literature. Secondly, the transfer of annotations from one homologue to another and lastly by computational prediction. Approaches for annotation in all three categories have been developed in earnest over the last 10 years. However, these methods lay scattered over the web with no way of integrating the resulting annotations. The incorporation of these annotations into a single resource is clearly the next step and the BioSapiens Network of Excellence was set up in order to compete such a task.
